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Abstract
This study aims to systematically investigate the short-term and long-term effects of magnetic 
microparticles (MPs) and nanoparticles (NPs) on critical flux in membrane bioreactors (MBRs). 
Comparison among six MBRs was carried out with different activated sludge samples. Results showed that 
the short-term adsorption and flocculation contributed only minimally, however, the long-term magnetic 
induced bio-effect improved the critical flux by conditioning sludge properties. Additional molecular 
weight distribution of soluble microbial product (SMP) indicated that long-term magnetic induced bio-
effect declined the content of macromolecules (> 500 kDa and 300–500 kDa), but promoted the content 
of small molecules (< 100 kDa), consequently reduced the free energy of SMP gelling foulants, and 
further promoted the higher critical flux. Moreover, the magnetic MPs presented the better performance 
than NPs. This study illustrated that sufficient pre-acclimatization of magnetic activated sludge is 
significantly necessary to improve the critical flux in MBRs.
1. Introduction
Membrane bioreactor (MBR) has been considered as a promising
technology for wastewater treatment and reuse [1]. However, mem-
brane fouling is still the major concern of its widespread application
[2]. Extensive efforts have been executed to explore the mechanism and
mitigation of membrane fouling in MBRs [3]. Chen et al. [4] and Yu
et al. [5] proposed a new fouling mechanism based on Flory-Huggins
theory, and precisely quantified the interfacial interactions between
foulants and membranes. Chen et al. [6] developed a macroporous resin
- MBR hybrid system and successfully mitigated the membrane fouling
by improving sludge properties.
Magnetic activated sludge (MAS) process, a modified conventional
activated sludge process, has displayed distinct advantages for im-
proving bioreactor performance [7]. Considering the responsiveness of
magnetic particles to the magnetic field, they can be easily separated,
reactivated and reused, thus MAS process is cost-efficient. Recently, it
also displayed great potential for mitigating membrane fouling in MBRs
[8]. Wang et al. [9] found that adding magnetic particle could effec-
tively alleviate membrane fouling by encouraging microbes to produce
less membrane foulants. Liu et al. [8] found that magnetic bio-effect
could significantly mitigate membrane fouling by reducing the amounts
of macromolecules and pioneer bacteria from bulk sludge. Although
MAS process has been extensively investigated for improving biomass
growth and pollutants removal [10], the information on mitigating
fouling in MBRs is still limited. So far, systematic insight into mitigating
fouling by MAS process is necessary in order to develop effective
fouling control strategies.
Critical flux (Jc), as an index to characterize the amount of fouling,
was proposed by Field et al. [11] and widely used to assess the fouling
trend and to effectively control fouling. In this study, the objective was
to systematically investigate the short-term and long-term effects of
magnetic microparticles (MPs) and nanoparticles (NPs) on critical flux
in MBRs. For this purpose, six MBRs were compared with different
activated sludge samples. Statistical analysis was used to further ana-
lyze the correlation between various parameters of sludge mixture and
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critical flux. As far as we know, this is the first systematic investigation
on the short-term and long-term effects of magnetic MPs and NPs on
critical flux in MBRs. It is expected that the information provided in this
study will be helpful to explore the mechanism and mitigation of
membrane fouling by MAS process in MBRs.
2. Materials and methods
2.1. Setup and the operation of MBRs
To carry out the experiments, six aerobic MBRs (with a working
volume of 4 L) were operated. The schematic diagram of the MBRs was
provided in Fig. 1. For the short-term effect experiments, three MBRs
were operated. One is the control MBR with seeded activated sludge
(ST-CAS-MBR), one is the test MBR with seeded activated sludge and
1 g/L freshly added magnetic MPs (ST-MMAS-MBR), and another one is
the test MBR with seeded activated sludge with 1 g/L freshly added
magnetic NPs (ST-NMAS-MBR). Both of the freshly added magnetic
particles were mixed with seeded activated sludge for 60min. For the
long-term effect experiments, three MBRs were operated with accli-
mated activated sludge without magnetic particle (LT-CAS-MBR), ac-
climated activated sludge with 1 g/L added magnetic MPs (LT-MMAS-
MBR), and acclimated activated sludge with 1 g/L added magnetic NPs
(LT-NMAS-MBR), respectively. All the acclimated activated sludge
samples were cultivated for more than 60 days.
Fig. 1. The schematic diagram of the MBRs.
Fig. 2. The profiles of critical flux and TMP from the six MBRs.
2.2. Determination of critical flux
Critical flux was measured via the stepwise flux method [12]. The
step length and step height were chosen to be 20min and 0.3 L/(m2·h),
respectively.
2.3. Analytical methods
The mixed liquor suspended solids (MLSS) was tested according to
Chinese NEPA standard methods. The particle size distribution (PSD) of
sludge samples was measured using a particle size analyzer (Malvern
2000, United Kingdom). The molecular weight (MW) was tested by a
gel permeation chromatography (GPC) (Shimadzu LC-20AD, Japan).
Activated sludge activity was characterized by triphenyltetrazolium
chloride (TTC) method. Soluble microbial product (SMP) and extra-
cellular polymeric substances (EPS) were extracted based on a modified
thermal method, and quantified as carbohydrate and protein [8].
2.4. Magnetic particles adsorption batch tests
Magnetic particles adsorption batch tests were performed with ex-
tracted membrane foulant solution (i.e. SMP) and seeded activated
sludge for the model adsorption and practical adsorption tests, re-
spectively.
2.5. Statistical analysis
Statistical analysis software (SPSS 17.0) was used to analyze the
correlation between various parameters of sludge mixture and critical
flux.
3. Results and discussion
3.1. The profiles of critical flux and TMP in MBRs
Six aerobic MBRs were operated to evaluate the effects of magnetic
particles on critical flux. The profiles were provided in Fig. 2. It can be
seen that the short-term effect caused the decline of critical flux,
whereas the long-term effect increased the critical flux. The critical
fluxes of the ST-MMAS-MBR and ST-NMAS-MBR both declined from
15.87 L/(m2·h) of ST-CAS-MBR to 14.73 L/(m2·h). The freshly added
magnetic particles may serve as inorganic foulants on membrane, and
consequently resulted in the critical flux decline. On the contrary, the
critical fluxes of the LT-MMAS-MBR and LT-NMAS-MBR increased from
17.64 L/(m2·h) of LT-CAS-MBR to 19.35 L/(m2·h) and 19.05 L/(m2·h),
respectively. Moreover, magnetic MPs displayed the better performance
than NPs, which may be caused by the long-term damage to microbes
from nano-effect. Therefore, it can be inferred that the short-term ad-
sorption and flocculation of magnetic particles contributed minimally
to critical flux enhancement whereas the long-term magnetic induced
bio-effect improved the critical flux by conditioning sludge properties.
In other words, these results illustrated that the pre-acclimatization of
magnetic activated sludge is essential to improve the critical flux in
MBRs. In practical applications, the enhancement of critical flux can
effectively reduce the amount of membrane modules and in turn de-
crease the capital investment. From the viewpoint of operating cost, the
higher critical flux contributed to reducing the amount of aeration and
chemical consumption for membrane cleaning. Thus the present work is
of great importance for MBRs. These results also suggest that the short-
term magnetic adsorption and flocculation should be enhanced by
functional magnetic composite materials, such as magnetic adsorbents
and magnetic coagulants.
3.2. Effect of magnetic particles on sludge properties
Sludge properties have been widely considered to have significant
impact on critical flux in MBRs [13]. The addition of magnetic particles
may cause the variations of sludge properties from physiochemical and
biological aspects, and finally may affect the critical flux. In order to
assess their effect, the sludge properties from the six MBRs were com-
pared and summarized in Table 1. Statistical analysis was further used
to reveal the correlation between sludge properties and critical flux.
It can be seen from Table 1 that sludge properties of short-term
MBRs were quite different from those of long-term MBRs, especially the
significant parameters associated with critical flux, such as SMPc,
SMPp, PSD, SVI30, ΔR30, and TTC. These results provided direct evi-
dences that the short-term adsorption and flocculation of magnetic
particles did not well condition sludge properties and contributed little
effect on critical flux enhancement. The magnetic induced bio-effect
improved sludge properties, and consequently enhanced the critical
flux. Therefore, it can be concluded that the magnetic activated sludge
process was a feasible and practical method for flux improvement in
MBRs, and the premise was that there must be a pre-acclimatization
step before the normal operation of MBRs.
It should be noted that the CST values of sludge mixture were ob-
viously shortened in the short-term groups, whereas those of long-term
groups were prolonged. This implied that the short-term addition of
magnetic particles can effectively improve the dewaterability of acti-
vated sludge. At the same time SVI30 tests demonstrated that adding
magnetic particles by short-term or long-term way both improved the
sedimentation property of activated sludge. The lower SVI30 may be
resulted from the adsorption of magnetic particles onto activate sludge.
PSD analysis showed that sludge mixtures from three short-term MBRs
had similar floc size, indicating that adding magnetic particles had little
effect on sludge flocculation. That was to say, the short-term floccula-
tion effect contributed minimally to critical flux enhancement.
It was expected that the short-term exposure of magnetic MPs did
not affect bacterial activity while the long-term exposure improved the
dehydrogenase activity. It was unexpected that the short-term exposure
of magnetic NPs stimulated a rapid activation of bacteria whereas the
long-term exposure significantly decreased the dehydrogenase activity.
Ni et al. [14] got the opposite conclusion. They found that the sudden
short-term exposure of 50mg/L magnetic NPs inhabited bacterial ac-
tivity whereas the long-term exposure enhanced bacterial activity. The
contradiction may be aroused by the higher dose of 1 g/L magnetic NPs
in this study. Therefor the acute toxicity and long-term stability of
magnetic NPs in MBRs should be evaluated in the future study.
Samples CST (s) SMPc (mg/g) SMPp (mg/g) EPSc (mg/g) EPSp (mg/g) PSD (μm) TTC (mg/g) SVI30 (mL/g) ΔR30 (108/m·h) Jc L/(m2·h)
LM 15.90 3.11 ± 0.16 0.66 ± 0.03 18.07 ± 0.90 24.01 ± 1.20 227.00 3.83 83.33 0.50 19.35
LN 16.20 4.53 ± 0.23 2.08 ± 0.10 28.68 ± 1.43 36.90 ± 1.84 124.00 1.79 74.18 0.60 19.05
LC 12.10 4.36 ± 0.22 0.85 ± 0.04 20.45 ± 1.02 22.79 ± 1.14 136.00 3.03 84.49 1.09 17.64
SM 14.80 9.66 ± 0.48 1.29 ± 0.06 20.15 ± 1.00 27.48 ± 1.39 56.00 1.12 128.13 2.53 14.73
SN 12.90 9.09 ± 0.46 1.38 ± 0.07 25.53 ± 1.28 32.37 ± 1.62 56.00 1.84 87.50 2.47 14.73
SC 20.60 9.75 ± 0.49 1.85 ± 0.09 25.84 ± 1.27 32.57 ± 1.62 56.00 1.26 171.88 2.35 15.87
* LM: LT-MMAS-MBR, LN: LT-NMAS-MBR, LC: LT-CAS-MBR, SM: ST-MMAS-MBR, SN: ST-NMAS-MBR, SC: ST-CAS-MBR.
Table 1
The sludge properties from the six MBRs.
3.3. Effect of magnetic particles adsorption on membrane foulants
To further confirm the adsorption effect of magnetic particles on
membrane foulants, batch model adsorption and practical adsorption
tests were performed with extracted SMP solution and activated sludge,
respectively. Results showed that the practical adsorption presented a
little higher capacity than the model adsorption. Maybe there existed
partially flocculation of magnetic particles in the practical adsorption
with seeded activated sludge. However, the magnetic NPs did not dis-
play the expected higher adsorption capacity than MPs on account of
there being little affinity. Semblante et al. [15] reported the similar
results. These results confirmed that the short-term adsorption effect
contributed minimally to critical flux enhancement.
3.4. Effect of magnetic particles on molecular weight distribution of SMP
It has been well recognized that SMP generally featured more
macromolecules than EPS [16], and Liu et al. [8] confirmed that the
addition of magnetic particle in the MBR could significantly reduce the
macromolecules of SMP but little impact on EPS. GPC therefor was used
to compare the MW distributions of SMP from the six MBRs.
Fig. 3 presented the MW distributions of SMP from the six MBRs.
Obviously, the three MBRs from short-term groups showed similar MW
distributions, while the three MBRs from long-term groups showed
significant differences. In the short-term groups, the proportions of
macromolecules (MW > 500 kDa and 300–500 kDa) from ST-MMAS-
MBR (15.43% and 20.03%) and ST-NMAS-MBR (11.45% and 16.64%)
were larger than those from ST-CAS-MBR (10.37% and 14.5%). This
may be associated with the critical flux decline in ST-MMAS-MBR and
ST-NMAS-MBR compared with ST-CAS-MBR. In the long-term groups,
the proportions of macromolecules (MW > 500 kDa and 300–500 kDa)
from LT-MMAS-MBR (4.41% and 5.16%) and LT-NMAS-MBR (7.03%
and 7.54%) both declined compared with those from LT-CAS-MBR
(11.38% and 7.94%). On the contrary, the proportions of small mole-
cules (< 100 kDa) from the LT-MMAS-MBR (39.82%) and LT-NMAS-
MBR (35.77%) both increased compared with LT-CAS-MBR (33.62%).
Correspondingly, LT-MMAS-MBR and LT-NMAS-MBR displayed higher
critical fluxes compared with LT-CAS-MBR. It has been reported that
magnetic induced bio-effect could affect the microbes and their meta-
bolism in MBRs, and then affect the membrane fouling [8]. Similarly,
macromolecules in MBRs could be successfully transformed into small
molecules through the long-term magnetic induced bio-effect, which
further promoted the higher critical flux. This could be explained by the
latest chemical potential mechanism in Flory-Huggins theory [17–19].
Small molecules fabricated the low cross-linking and low mixing free
energy (i.e., chemical potential), which reduced the filtration re-
sistance. Therefore, it can be concluded that the critical flux enhance-
ment should be attributed to the free energy reduction of SMP gelling
foulants with small molecules.
4. Conclusion
The short-term and long-term effects of magnetic MPs and NPs on 
critical flux in MBRs were systematically evaluated in this study. It was 
found that, the short-term adsorption and flocculation contributed 
minimally whereas the long-term magnetic bio-effect improved the 
critical flux. In particular, the long-term magnetic bio-effect success-
fully converted the macromolecules into small molecules, reduced free 
energy of SMP gelling foulants, and further promoted the higher critical 
flux. For the practical applications of MBRs, the present work is of 
importance to reduce the capital investment and operating cost. The 
study may also provide helpful information for the cultivation and 
application of MAS process to mitigate membrane fouling and have 
great potential to develop effective fouling control strategies in MBRs.
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